Direct measurements of particle-surface interactions are important for characterizing the stability and behavior of colloidal and nanoparticle suspensions. Current techniques are limited in their ability to measure pico-Newton scale interaction forces on submicrometer particles due to signal detection limits and thermal noise. Here we present a new technique for making measurements in this regime, which we refer to as nanophotonic force microscopy. Using a photonic crystal resonator, we generate a strongly localized region of exponentially decaying, near-field light that allows us to confine small particles close to a surface. From the statistical distribution of the light intensity scattered by the particle we are able to map out the potential well of the trap and directly quantify the repulsive force between the nanoparticle and the surface. As shown in this Letter, our technique is not limited by thermal noise, and therefore, we are able to resolve interaction forces smaller than 1 pN on dielectric particles as small as 100 nm in diameter.
The subtle balance of particle-particle and particle-surface force interactions that exist within nanoparticle and other colloidal suspensions plays a key role in determining longterm stability. Generally speaking these interactions encompass a complex and dynamic combination of electrostatic forces, 1 van der Waals interactions, 2 hydrodynamic interactions, 3 particle coating, 4 and steric exclusion effects. 5 Stresses on stable suspensions, including changes in solution phase conditions such as ionic strength, 6 pH, surfactant concentration 7 and temperature, can lead to particle aggregation, 8 adsorption onto surfaces, 9 and flocculation. To assess the risk of a suspension becoming unstable or the effectiveness of a preventative stabilizing measure, it is desirable to measure these interactions directly in the native solution environment.
The most common technique to directly measure particle-surface interactions is atomic force microscopy (AFM). In what is known as the colloidal probe technique, 10,11 a particle of known size and surface composition is physically attached to a cantilevered beam, which can then be moved close to the surface, allowing for the force to be measured at arbitrary particle-surface separation distances. Typically, the probes used are on the scale of ∼1-10 μm and the forces measured are on the order of nano-Newtons. 12 Measurements made using colloidal AFM include studies on polymer bridging forces, 13 repulsive van der Waals forces, 14 depletion forces, 15 and many others. While AFM has been used in low temperature and low pressure environments to make incredibly sensitive measurements of fundamental importance in physics and the life sciences, 16 in colloidal environments the primary limitation of this technique is thermal noise. To illustrate this limitation, consider a typical V-shaped cantilever used in colloidal probe experiments with a nominal stiffness K = 0.1 N/m. The expected root-mean-square displacement (see eq 2.29 in Butt et al. 17 ) of this cantilever due to thermal excitation at 298 K is about 0.17 nm; in other words, forces smaller than 17 pN will result in deflections smaller than the thermal motion of this device. Indeed, practical colloidal AFM measurements report force resolutions of about 10-50 pN. 18 Another technique for measuring particle-surface interactions is total internal reflection microscopy 19 (TIRM). First developed over 25 years ago, 20 this technique has been used to measure interactions in many physical systems, as highlighted by a recent review article. 21 Some notable examples include depletion interactions in polymer systems, 22 specific ion effects, 23 steric interactions, 24 Casimir forces, 25 and many others. As a statistical measurement based around the distribution of positions that a particle samples as it undergoes Brownian motion near a surface, unlike AFM, TIRM is not limited by thermal noise and is successful at measuring interactions with energies on the k B T scale and forces smaller than 1 pN. However, previous studies performed using TIRM have been limited in their focus to dielectric particles with diameters on the micrometer scale or larger. This is due to several practical limitations that occur when working with smaller particles. The traditional method for making these measurements involves balancing the repulsive force of the particle-surface interaction with the weight of the particle itself. For smaller particles the gravitational contribution to the potential well is much weaker relative to k B T so the particle does not stay near the surface. This has been addressed through the use of optical tweezers in TIRM 26 that limit the lateral diffusion of small particles through the application of optical gradient forces as well influence the range of particle-surface separation heights sampled through the application of radiation pressure forces. However, the diffraction limit of light restricts minimum spot size of the optical tweezers, meaning that more power is needed to generate the necessary optical gradients to hold smaller particles, which can be damaging to sensitive samples. Another approach to addressing this limitation in TIRM has been to confine nanoparticles close enough to the illuminated surface to make a measurement by introducing a second wall. Previous researchers have used silica nanoparticles as spacers to create very thin channels. This approach has allowed for TIRM measurements on gold nanoparticles with 27 and without 28 protein coatings as well as multiwall carbon nanotubes 29 in a confined region where the particles experience interaction potentials from both walls. As these metallic nanoparticles interact much more strongly with the evanescent field than dielectric particles of the same size, the scattered light signal is much stronger and is observable from gold particles as small as 100 nm. Generally, smaller particles scatter a much lower fraction of the available light, making scattering from these particles more difficult to discern from the background.
In this Letter we present a technique that overcomes these limitations by using a photonic crystal resonator structure to confine light into a small area. This greatly increases the optical intensity at the surface and generates an optical gradient force. 30 In this near-field configuration 31 the optical force acts to pull particles closer to the surface. The sharp optical intensity gradients in the evanescent field generated by a resonator allow for much smaller particles to be trapped and analyzed than the conventional free-space optical-tweezer configuration. 32 Furthermore, because of the highly concentrated optical intensity on the surface, much more light is available for scattering by particles, which allows for signals from smaller particles to be detected. Figure 1 shows a schematic illustration of the nanophotonic force microscopy (NFM) method. As Figure 1a illustrates, a nanoparticle trapped in the evanescent field above a photonic crystal resonator will undergo a confined Brownian motion, scattering more light when it is close to the surface and less when it is further away. As Figure 1b shows, the applied attractive optical gradient force balances the net particle-surface forces, resulting in an equilibrium position about which the particle undergoes Brownian fluctuations. For the case of strongly repulsive interactions ( Figure 1bi ) this equilibrium is farther from the surface than for weaker repulsion (Figure 1bii ). Using the Boltzmann statistics, we obtain a map of the potential energy landscape that the particle interacts with from the distribution of scattered light intensities (Figure 1ci ,cii). By subtracting the optical component that we have applied and taking the derivative, we obtain the force-distance curve (Figure 1ciii ). Figure 2 shows the procedure of the NFM data analysis technique. In this representative example measurement we are in a dilute solution of a 1:1 electrolyte (0.076 mM KCl, λ D = 50 nm). Figure 2a shows the experimentally measured distribution of scattered light intensities. The particle will diffuse around equilibrium as it undergoes Brownian motion. Each position that the particle samples has an associated potential energy relative to equilibrium. As the available optical intensity exponentially decays away from the surface, each intensity state can be related to a position state using this exponential dependence. Following the procedure established in TIRM, 33 we assume that the probability of finding the particle in a given intensity state follows the Boltzmann distribution and use this to derive a map of the potential energy landscape, as shown in Figure 2b .
The key difference between our technique and TIRM is that in addition to the particlesurface interaction potential energy our measurement also includes the contribution from the optical field that we have applied. This means that in order to measure the particle-surface interaction we must correct for this. Symbolically, (1) For a particle in the Rayleigh regime 34 (valid when 2πn med a ≪ λ, where a is the particle radius, n med is the refractive index of the surrounding medium, and λ is the free-space wavelength of the incident light) U optical is provided by the well-known optical gradient force 35 and can be computed as 31 (2) where I o is the surface intensity, α is the polarizibility of the particle, c is the speed of light, and d is the evanescent field penetration depth. 36 For a Rayleigh particle (3) where V is the particle volume, and ε p and ε m are the permittivity of the particle and medium, respectively, at the optical wavelengths used. For materials with low optical absorption we assume ε ≈ n 2 where n is the refractive index. Finite element simulations have confirmed that the optical force experienced by a 100 nm polystyrene sphere interacting with a photonic crystal resonator trap indeed follows this exponential decay. 37 Note that in practice since the length scale of the evanescent field is often longer than the length scales associated with the surface forces, the exponential prefactor can be obtained by a fit to the data in the region where U optical ≫ U particle-surface . This means that our technique can be applied to situations where the Rayleigh point-dipole approximation is no longer valid, as long as the optical force is still proportional to the intensity gradient. This optical subtraction is shown in Figure 2c . Also, as the waveguide surface optical intensity is directly proportional to the optical power applied from the laser, the magnitude of optical component can be tuned allowing for the stable trapping of particles over a wide range of sizes.
The force exerted on the particle by the surface, F particle-surface , can be computed from these interaction energies by ( 
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where z is the spatial coordinate normal to the surface and U particle-surface is the particlesurface interaction potential energy. The hollow circles in Figure 2d represent this derivative applied numerically to our experimental data.
To validate our technique we seek to compare our measured force profile to a theoretical prediction. Most theoretical approaches for describing colloidal interactions come from the Derjaguin-Landau-Verway-Overbeek (DLVO) theory and its extensions. 38 While the DLVO theory fails to accurately describe many complex systems, 39, 40 we look to simple limiting cases where we can expect the DLVO theory to make reasonable predictions. In the limit of a simple 1:1 electrolyte in a dilute solution relatively far from the surface, we expect that the van der Waals interactions should be negligible, and the electrostatic interactions can be approximated 33 as (5) where ε m is the DC permittivity of the medium, a is the radius, q e is the charge of an electron, and ψ p and ψ s are the Stern potentials of the particle and the surface, respectively, k B is the Boltzmann constant, T is the absolute temperature, and λ D is the Debye screening length. This weak overlap approximation is considered valid for surface potentials less than ∼100 mV. 41 In this limiting case, the surface force should decay exponentially with decay constant equal to 1/λ D , the Debye screening length. This curve is shown by the solid line in Figure 2d . Note that the decay constant used in this solid line is the Debye length calculated from the known experimental parameters and not a fit to the experimental data. To test whether the magnitude of our measured force is correct, we measured the ζ-potentials (∼ψ) 38 of 300 nm diameter polystyrene beads as well as the silicon nitride surfaces suspended in our experimental solution environment using laser-Doppler electrophoresis (Malvern Zetasizer Nano ZS, see also 42 ), finding ζ s = −43.8 mV and ζ p = −54.2 mV. Using eq 5, this gives a pre-exponential factor of 4.3 pN. As Figure 2d shows, our measurements offer reasonable agreement with this prediction.
To demonstrate our ability to measure different types of surfaces, in Figures 3 and 4 we compare the interaction potentials of polystyrene beads to fused silica beads. Both of these materials have different refractive indices and have very different surface types. Both experiments shown here were performed in a buffered solution at the same pH and salt concentration. In Figures 3a and 4a , we show the potential energy landscape, highlighting our ability to perform the optical subtraction for particles of different indices. We subtract the optical component using the known refractive indices of each particle at 1064 nm (n = 1.59 and n = 1.44 for polystyrene and silica, respectively), which contribute to the polarizibility α in eq 2. Taking the derivative of the resulting surface potential energy (as in eq 4), we are able to distinguish the different force profiles for each case, as shown for polystyrene and silica in Figures 3b and 4b , respectively. In these plots, we show both the numerical derivative of the surface potential energy data points (open circles) as well as the computed analytical derivative of exponential fits of the surface potential energy. We attribute the greater measured forces for the silica beads to greater surface charge. 43 As can 
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One major advantage of our technique over conventional TIRM implementations is that by using a photonic crystal resonator we are able to create a large surface light intensity and a strong optical gradient force capable of holding very small particles near the surface. This allows us to measure our particles for long enough times to acquire thousands of scattered light images, allowing us to make a good statistical measurement. This also means that more light is available to be scattered by particles, allowing for observable signals to be measured even from very small dielectric particles with low refractive index contrast from the medium that would give too dim of a signal to otherwise be measured. In Figure 5 , we show our experiments with 100 nm diameter polystyrene beads in high and low salt concentrations.
Here we again see the expected result of stronger electrostatic repulsive forces in the case where the salt concentration is lower and there are fewer ions to screen the surface charges. In the lower salt experiments shown in Figure 5a , we find that the force decays with an exponential decay constant of 1/7.1 nm, in good agreement with the known Debye length for this solution of 7.58 nm. As we move to higher biologically relevant salt concentrations, as shown in Figure 5b , we experimentally measure decay constants that are no longer equal to 1/λ D . This can likely be at least partially explained by ion-ion correlations and other finite ion size effects as the calculated screening lengths approach the hydrated ion sizes. 44 As shown in the figure, we are able to measure forces smaller than 1 pN. This force regime is inaccessible to AFM due to thermal noise limitations.
We have established the application of our technique to dielectric spheres with diameters ranging from 100 to 310 nm. In general, any particle that can be optically trapped by our devices will scatter light. Previous and concurrent studies have demonstrated the trapping of polystyrene beads as small as 22 nm, quantum dots, various proteins, 32 and DNA, 45 as well as scattered light measurements on influenza viruses. 46 An upper bound to the magnitude of forces that can be measured is the necessity of applying a large input optical power in order to generate a large optical gradient force to balance them. While previous studies have shown that silicon nitride photonic crystal traps operating with 1064 nm light generate much less heat than conventional free space optical tweezers, 32 some sensitive samples can be damaged by very high optical powers. 47 One major limitation of our technique is that the throughput is low. Because it is necessary to have only one particle interacting with the resonator at a time in order to obtain accurate measurements, our experiments have used low particle concentrations, and as a result the time spent waiting between measurements is much longer than the measurement time itself. Going forward, this technique can be applied to additional surfaces through the immobilization of macromolecules on the resonator surfaces as well as the deposition of thin dielectric films. Previous work in photonic crystal biosensors has demonstrated the immobilization of proteins on photonic crystal resonator devices similar to the ones used in this work, 48 and we expect that similar procedures could be used to apply NFM to study interactions between particles and adsorbed macromolecules.
In conclusion we have demonstrated a technique capable of making direct measurements of particle-surface interaction potentials and forces. Our technique excels at measuring small particles and small forces in a regime previously inaccessible using conventional TIRM implementations and colloidal-probe AFM. By engineering photonic crystal structures capable of confining and concentrating light, we are able to detect scattered light from dielectric particles with diameters as small as 100 nm. This is important since many colloidal products rely on particles in this range. In the limits of a simplified system, we recover the predictions of the DLVO theory, validating our technique. However, our technique makes no assumptions about the physical mechanisms that generate the forces we are measuring; we are able to measure arbitrary forces and combinations of forces in a complex physical system.
Methods

Optical and Fluidic Setup
The experimental setup for our nanophotonic force microscopy (NFM) system consists of photonic crystal devices integrated into a microfluidic channel. In this work we use silicon nitride devices. Light from a 1064 nm wavelength diode laser (LU1064M400, Lumics, El Segundo, CA) is coupled into a single mode optical fiber with a tapered lensed tip (Oz Optics, TSNJ-3A-1064-6/125-0.25-18-2.5-12-3). This tip is brought into contact with the chip where a tapered input waveguide is used to couple the light into the device. The light is then guided through the waveguide to the photonic crystal resonator. A microfluidic channel is integrated on top of the photonic layer and used to transport suspended particles to the resonator, where they interact with the evanescent field. Additional experiments confirming the results presented here were performed using the Optofluidics NanoTweezer system (Optofluidics Inc., Philadelphia, PA).
The operating principles of photonic crystal resonator optical traps and procedures for designing them are detailed elsewhere in the literature. 37 In this work, we use the same devices as in our previous paper, 46 which were designed using finite difference time domain (FDTD) simulations (Lumerical FDTD Solutions package). Briefly, a set of holes in a silicon nitride waveguide form a structure with a periodically varying refractive index. This structure forms standing waves when excited by wavelengths that satisfy its resonance condition. A defect is added by having no hole at the center of this structure. This configuration is referred to as the "microcavity" design in the previous literature. 37 Here the superposition of the evanescent tails of the standing waves forms a "hot-spot" with a strong local optical intensity, which exponentially decays away from the surface, resulting in a strong optical gradient force.
The microfluidic channels are fabricated from parafilm cut using a CO 2 laser (VersaLaser VLS3.50). The parafilm is bonded between the chip and a glass microscope coverslide with holes for the inlet and outlet also patterned using the CO 2 laser by heating on a hot plate at 140 °C. Punched PDMS is bonded to the glass at the inlet and outlet. Tygon tubing is used to deliver fluid into the channel from a syringe pump (New Era Pump Systems, Inc. NE-1000, Farmingdale, NY).
Imaging and Analysis
The scattered light is imaged using a CCD camera (Hamamatsu ORCA-ER CCD). Imaging is accomplished using a 40× microscopy objective (Olympus LUCPlanFL N, 0.60, ∞/0-2/ FN22, UIS2). To optimize the imaging, the shortest possible exposure times (10-100 μs) are used. For particles that scatter enough light to saturate the images with this exposure time, imaging was optimized with Thorlabs Premium Bandpass (FLH1064-8) and Brightline Bandpass filters (FF01-641/75-25, FF02-628/ , which allow 90%, 2.6%, and 0.2% transmission at 1064 nm, respectively. Images were recorded with 16-bit pixel depth. For each particle, 2000-5000 images were captured to build a statistically valid distribution. A limited region of interest was used to optimize data transfer, allowing for image acquisition at a rate of ∼59 frames per second. As a result, data acquisition from an experiment consisting of 5000 images was accomplished in less than 90 s. Once acquired, images were cropped to include only the scattered light from the particle and integrated using ImageJ.
Solution Conditions and Sample Preparation
Salt concentrations were achieved by diluting phosphate buffered saline (Gibco, 10× concentrate, P5493, pH 7.2) in filtered deionized water. The experiments in KCl were performed by preparing a solution of 0.076 mM KCl in filtered deionized water. Samples of 100 and 300 nm diameter polystyrene spheres (Bangs Laboratories PS02N and ThermoScientific Fluoromax 09-980-464) and 310 nm diameter silica spheres (Bangs Laboratories SS02N) were prepared by diluting the samples in the desired solution environment by an amount necessary to create a mean distance between particles on the order of tens of micrometers. Working at too high of a concentration increases the risk of having multiple particles interact with the resonator simultaneously, while working at low concentrations lengthens the wait time for particle interactions to occur. Experimental concentrations of ∼100-200 particles/μm 3 for the 100 nm particles and ∼1-10 particles/μm 3 for the 300 and 310 nm particles resulted in typical wait times in the range of 10 min to 1 h. Dilutions were typically accomplished in 2 stages, with each stage sonicated for 5-10 min to prevent particle aggregation. Clean tygon tubing was used in each experiment. In between experiments the parafilm microfluidic channels were removed, and the chips were soaked in Nanostrip (Cyantek) for 12-24 h to clean the surfaces. Assuming that the probability of the particle occupying a given energy state follows the Boltzmann statistics, the potential energy landscape is mapped. (iii) Subtracting the optical component of the energy landscape and taking the derivative gives us the force-distance curve for the particle-surface interaction. Solid lines indicate derivatives of fitted curves to the surface contribution to the potential energy calculated using eqs 1 and 2. Hollow circles indicate numerical derivatives of the unfitted experimental data averaged for N = 4 (a) and N = 7 (b) independent measurements at each salt concentration, respectively. 
